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Abstract
Hafnium oxide (HfO2) has emerged as the most promising high-k dielectric for Metal-OxideSemiconductor (MOS) devices and has been highlighted as the most suitable dielectric materials to
replace silicon oxide because of its comprehensive performance. In the present research, yttriumdoped HfO2 (YDH) thin films were fabricated using RF magnetron sputter deposition onto Si (100)
and quartz with a variable thickness. Cross-sectional scanning electron microscopy coupled with
Filmetrics revealed that film thickness values range from 700 A° to 7500 A°. Electrical properties
such as AC Resistivity and current-voltage (I-V) characteristics of YDH films were studied. YDH
films that were relatively thin (<1500 A°) crystallized in monoclinic phase while thicker films
crystallized in cubic phase. The band gap (Eg) of the films was calculated from the optical
measurements. The band gap was found to be ~5.60 eV for monoclinic while it is ~6.05 eV for cubic
phase of YDH films. Frequency dependence of the electrical resistivity (ρac) and the total
conductivity of the films were measured. Resistivity decreased (by three orders of magnitude) with
increasing frequency from 100 Hz to 1 MHz, attributed due to the hopping mechanism in YDH
films. Whereas, while ρac~1 Ω-m at low frequencies (100 Hz), it decreased to ~ 10-4 Ω-cm at higher
frequencies (1 MHz). Aluminum (Al) metal electrodes were deposited to fabricate a thin film
capacitor with YDH layer as dielectric film thereby employing Al–YDH–Si capacitor structure. The
results indicate that the capacitance of the films decrease with increasing film thickness. A detailed
analysis of the electrical characteristics of YDH films is presented.
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Chapter 1: Introduction

There has been a progressive downscaling of the metal-oxide-semiconductor field effect
transistor (MOSFET), which allows integration of larger number of devices on a chip with
enhanced speed, performance and reliability [1,2]. There is a need for gate dielectric materials
with high dielectric constant (high-k) and low leakage current with good thermal stability and
interface characteristics that are comparable to that of silicon (Si) and silicon dioxide (SiO2),
which can be used as an alternative to SiO2 as the dimensions of the devices, are being scaled
down [1-7]. The problem at the future scales of integration is that the leakage currents through
the SiO2 gate are intolerable due to high power consumption. This results in poor reliability of
the devices. Hence, in order to overcome this frailty of the conventional SiO2 gate oxide films, a
physically thicker layer with higher dielectric constant is required. The high-k dielectric
materials that have been recognized to replace Si and SiO2 are SiN, TiO2, Ta2O5, Al2O3, HfO2 and
ZrO2. However, the dielectric materials such as TiO2, Ta2O5, and SrTiO3 are thermally unstable
when they are in direct contact with Silicon. Hafnium oxide (HfO2) based dielectrics are the most
promising among such materials, with reasonable band gap offsets, thermodynamic stability [8],
and the ability to reduce the leakage currents to the values required by the International
Technology Roadmap for Semiconductors (ITRS) [9].
The Semiconductor Industry Association (SIA) has established the “roadmap” by
evaluating the goal of industry’s products in order to predict the future performance demands and
expectations of the devices. The roadmap considers the factors like design criteria, incorporated
materials, device capabilities and industry’s associated hardware for evaluation. And it has been
learnt that certain performance seems to be unachievable in near future for the given current
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compliment of materials and the technology. As seen from the Table 1.1, a continuous scalingdown of MOSFET device with minimum feature size of 23 nm and below requires Equivalent
Oxide Thickness (EOT) less than ≃ 0.9 nm. Since the scaling down is continuously needed,
ultra-thin SiO2 cannot be used as gate dielectrics anymore because of the defects like high
leakage current, reduced drive current and reliability degradation [10]. The main limitation for
gate oxide scaling is the huge direct tunneling current increasing exponentially with decreasing
physical thickness of SiO2.
Current research and investigation on Hafnium based materials is being carried out in
order to overcome the intrinsic disadvantages of HfO2 such as lower crystallization temperature
[11], formation of interfacial oxide layer with Si substrate and low channel mobility.
Table 1.1 Minimum feature size and EOT for high-speed devices (from 2007 IRTS
roadmap) [9]
Production Year

2007

2008

2009

2010

2011

2012

25

23

20

18

16

14

8.0E2

8.7E2

1E3

1.1E3

1.3E3

1.4E3

0.9

0.75

0.65

0.55

0.5

25.3

19.8

17.6

15.4

Minimum Feature Size
(nm)

Gate dielectric Leakage
at 100°C (A/cm2)

EOT (nm)
S/D Junction Depth (Xj,
nm)

27.5
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1.1 Metal Oxide Semiconductors for High Performance Digital Technology
Enhancing the average velocity of carriers in the channel could achieve improvements in
the transistor drive current [9]. Generally, an enhancement mode MOSFET is preferred because
it is a “normally-off” device, where when there is no gate bias applied, the channel is off. This
significantly reduces the stand-by power of the devices and circuits. Hence, an enhancement
mode MOSFET relies on semiconductor surface, which requires attention towards engineering
the surface and interface structure and properties of these metal oxides [2][3][4]. The work
presented in this thesis was performed in this direction in order to study the surface, structural
and interfacial properties.
1.2 Hafnium based High-k Dielectrics
Hafnium based oxides have been recognized as the most promising and suitable dielectric
materials due to their outstanding properties. Many other high-k materials like Zirconia,
Aluminum and Titanium based oxides have been suggested to replace Si and SiO2 in the field of
semiconductor industry. But Hf-based oxides stand on top because of their properties like good
thermal stability and high dielectric constant. The most important requirements of a gate
dielectric material are excellent dielectric constant, good performance when integrated into a
capacitive structure and insulating properties with reduced leakage currents followed by good
thermal stability and interface properties.
The requirement of a material’s dielectric constant for a sound capacitance performance
is that the k value should be over 12. The most preferable range of the k-value is 25-30. The k
value is defined in such a way that the dielectric should have a minimum equitable physical
thickness, enough to prevent the gate leakage. The physical thickness also has a limitation that it
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should not be too thick to have an effect on the physical scaling. The k-values and band gap
values of some oxides are listed in Table 1.2. It is evident that the k-values of some oxides vary
inversely with the band gap (Eg) [11]. Hence, a relatively low k-value is required.
Table 1.2 Dielectric constant (k) and Band gap (Eg) of candidate gate dielectrics [11]
Dielectric

k-value

Band gap (eV)

Si

-

1.1

SiO2

3.9

9

Si3N4

7

5.3

Al2O3

9

8.8

Y2 O3

15

6

Ta2O5

22

4.4

TiO2

80

3.5

La2O3

30

6

SrTiO3

2000

3.2

ZrO2

25

5.8

HfO2

25

5.8
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There are many oxides with higher-k values, such as SrTiO3. But they are not suitable for
practical applications because of their very low bandgap values [11].
The dielectric constant values play an important role in basic electrical and electronic
devices. The crucial element of the capacitor is the dielectric, which is responsible for all the
properties and device functionality. The k-value can alter the level of capacitance in a number of
ways. Some types of capacitor can tolerate the voltages across them in only a single direction.
These capacitors are said to be polarized. Other types of capacitors are non-polarized. The nonpolarized capacitors can have voltages of either polarity across them. In the same way, the
different types of capacitor are named after the type of dielectric they are associated with.
1.2 Capacitors and Types of Dielectrics Used
A capacitor, in general can be defined as a passive two-terminal electrical
component used to store energy electrostatically in an electric field. There are a wide variety of
types of capacitors. But the common feature in all the capacitors is that they contain at least
two electrical conductors, known as the electrodes, separated by a dielectric, which is an
insulator.
Capacitors have their wide range of applications in the field of Semiconductors and
Electrical Engineering.
•

Capacitors are used as components of electrical circuits in electrical and electronic
devices for various applications.

•

Some types of capacitors are used in electronic circuits in order to block the direct
current (DC) while allowing alternating (AC) current to pass through them.
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•

In analog filter networks, capacitors are used for the smoothing of output power
supplies.

•

Capacitors are used in resonant circuits to tune radios to particular frequencies.

•

In electric power transmission systems, capacitors are used to stabilize the voltage
and power flow.

•

Capacitors can be used in memory devices for memory storage applications.

1.2.1 Ceramic Capacitor
The ceramic material, which acts as a dielectric, is heart of the ceramic capacitors. These
capacitors usually exhibit a fixed capacitance value. The excellent feature of the ceramic
capacitors is the ability to obtain a relatively high capacitance, which can be achieved in small
physical dimensions due to the high dielectric constant (high-k) of the ceramic.
1.2.2 Electrolytic capacitor
An electrolytic capacitor employs an electrolyte instead of a dielectric material as seen in
the other types of capacitors. The electrolyte is primarily an ionic conducting liquid, which helps
in achieving larger capacitance values. Most of the electrolytic capacitors are polarized. This
limits their operation to low voltages only.
1.2.3 Dielectric Capacitor
A dielectric capacitor is the most conventional type of all the capacitors. It is constructed
by two metal plates separated by a certain distance. A dielectric material with a specific
dielectric constant (εʹ′=ε oε r, where ε o is the permittivity of free space measured in Farads/meter
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and ε r relative permittivity; ε o is given by ε o=8.854 x 10-12 Farads/meter) is placed in between
these metal plates.
1.3 Hafnium and Hafnium based Oxides: Alternative Material for Si and SiO2
Hafnium-based oxides are currently the leading dielectrics in the micro- and Nanoelectronics industry. With high dielectric constants (k-values), these materials are considered
suitable to replace Silicon oxide (SiO2) in memory capacitors and as gate insulator in field effect
transistors. Hafnium oxide is a high temperature refractory material with outstanding physical
and electrical properties [24, 25]. The most significant advantage of HfO2 is its dielectric
constant, which is 25, whereas the dielectric constant of SiO2 is only 3.9 [25]. HfO2 has a very
high band gap (Eg = 5.8 eV) and is the most stable oxide with highest heat of formation (ΔHf
=271 K cal/mol). These properties of HfO2 offer significant benefits to the semiconductor
electronics and optoelectronics industries [26]. Another advantage of using a material like HfO2
is the reduction in gate leakage and higher physical thickness, and is used without loss in gate
capacitance because of its high k-values. The large dielectric constant and thermal stability, when
in contact with silicon, makes HfO2 films to be applied in micro electro-mechanical systems
(MEMS) [27].
Hafnium oxide exhibits interesting structural properties. Specifically, the polymorphism
in HfO2 is quite interesting. The material exhibits various phases as a function of thermodynamic
conditions. The phases known to date are: one stable monoclinic phase and four metastable
phases: cubic, tetragonal, orthorhombic I and orthorhombic II [28-34]. The structure of HfO2 is
monoclinic under normal conditions of temperature and pressure. HfO2 transforms into
tetragonal form when heated to at temperatures higher than 1700 ºC. Transformation into the
cubic polymorph, which has the fluorite structure, takes place at a temperature of 2700 ºC [287

34]. The cubic phase of the HfO2 is considered to be the most preferable phase of Hafnia. The
only limitation of the cubic phase of Hafnia is that it is highly unstable. Hence, in order to
stabilize the cubic phase of HfO2, cation dopants such as Ca2+, Mg2+, Cr2+, Y2+ and rare earth
ions have been used. The ions are capable of producing oxygen deficiencies that can stabilize the
tetragonal or cubic phase of HfO2. The most interesting material is the one formed with
incorporation of Yttrium (Y) into HfO2, which is referred yttrium-doped hafnia (YDH) in this
thesis. Figure 1.1 shows the structure of different phases [28] of hafnium oxide as documented in
the literature.

	
  

Figure 1.1 Structure of the different phases of Hafnia [28]; a) monoclinic, b) cubic, c)
tetragonal
Hafnium oxide undergoes phase transformation when subjected to variations in
parameters like temperature and pressure. The phase diagram describing different phases of
Hafnia has been shown in Figure 1.2. This phase diagram was proposed by Missalski in 1990
[35]. The phase diagram explains the transition of Hafnium oxide from solid state to liquid state
indicated at the temperature of 2810 °C, and for pure hafnium it is at 2231°C as indicated in the
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phase diagram. During the transition, all the atoms remain the neighbor of the same atoms until
the last phase undergoing only some slight shifts.

Figure 1.2 Proposed phase diagram of the Hf–O system [35]
1.4 Effects of Yttrium Doping on the Structural Stability and Defect Properties
Doping a small amount of Y stabilizes the cubic phase of Hafnia. High temperature cubic
Hafnia phase, stabilized by Yttrium doping exhibits higher dielectric constant k in contrast to
monoclinic phase [36]. Therefore, HfO2 exhibits enhanced dielectric constant when doped with
Y-metal. This property enhancement makes it even more interesting to utilize the materials in
manufacturing semiconductor devices like transistors and capacitors for memory applications,
also facilitating the CMOS and memory technologies. In the present work, the content of Yttrium
in YDH was maintained at 7.5 mol% (7.5 YDH) while producing Yttrium-doped Hafnium Oxide
thin films by sputter deposition. In this work, an alloy target has been used, which facilitated
with crystallization at low temperatures [22-27].
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It has been investigated that Y doping in HfO2 would increase the stability of the cubic
phase relative to the monoclinic phase by reducing the energy difference and the phase transition
pressure. The cubic phase of HfO2 crystallizes in a fluorite-type structure and Y2O3 in a body
centered cubic structure. The correlation between these two structures explains that addition of
Y2O3 would stabilize the cubic structure of HfO2 at lower temperatures [27].
1.5 Oxygen vacancies with Y-dopant in cubic HfO2
Much attention has been directed towards oxygen vacancies in HfO2. These vacancies or
types of defects contribute to charge trapping in HfO2. These defects have a vital effect on the
electrical behavior of the dielectric films, such as the leakage current and the charge scattering. It
has become a challenge to eliminate the oxygen vacancies in HfO2 for the device applications
[28, 29, and 36]. Doping elements such as Al, N, and F into HfO2 could help in passivation of the
oxygen vacancies. It has been demonstrated that in the pure HfO2 films, there are some occupied
states located between the Fermi level and the valence band maximum. But in the case of Ydoped Hafnia, no occupied states have been detected. These occupied states ascribe to the
oxygen-vacancy-related defects and hence it suggests that doping Y into HfO2 could also
passivate the oxygen vacancies [28-37].
Several studies on different aspects of HfO2 thin film depositions have been reported. The
choice of the technique implemented to deposit the dielectric film (YDH in our present case)
plays a substantial role for the high k dielectric materials.
1.6 Yttrium-doped Hafnium Oxide Thin Films – Scope of the Present Work
Many techniques have been used to fabricate Yttrium-doped Hafnium oxide thin films,
such as RF sputtering, DC sputtering, the sol-gel method, atomic layer deposition and metal
10

organic vapor deposition (MOCVD). RF sputtering is generally preferred due to the possibility
of low temperature processing and process simplicity. The tailoring of film microstructure by
employing substrate bias during film deposition can be obtained using RF sputtering.
It is evident that the structural properties of the films grown by sputtering are strongly
based on the energy deposited by the particles that reach the substrate material. In our present
research, RF Magnetron sputtering is employed. The working pressure is around 1 mbar, which
is higher than conventional sputtering system. Also, the mean free path of the processing gas (Ar
or O2) is significantly short due to the high pressure [37, 38]. The introduced gas and the target
atoms emitted from the YDH target collide with the gas medium and thermalize within a short
distance, losing energy. The thermalization length is much shorter than the target-substrate
distance, which in this case is 7 cm. The transport of the sputtered particles to the substrate is due
to the process of diffusion. To prevent the damage of the substrate and the deposited film, the
energy deposited by the reflected and sputtered atoms must be low, independent of the working
gas. The flow of Argon in the chamber was regulated at 20 sccm. The crystal structure, growth
kinetics, interfacial structure, optical and electrical properties of both amorphous and Nano
crystalline YDH films have been studied. The electrical characteristics were studied after
depositing a top and bottom electrode to the thin film. The structure thus obtained is a MetalInsulator-Metal capacitor (MIM). Fabrication and characterization of Nano-crystalline YDH thin
film capacitor structures have been explored in depth at the laboratory level. This opens the
scope for the work presented here in this thesis.
It is important to understand the electrical characteristics of hafnium oxide films as they
serve the electronics and optics industry in a wide range of applications. In spite of outstanding
mechanical properties, a vast demand for this material comes from the electronic and optical
11

device domain. The resistivity of hafnium oxide thin films has been measured as a function of
variable growth conditions. Because of its application as gate electrodes and integrated circuits,
the knowledge of resistivity of the material plays an important role. A study on electrical
properties of both monoclinic and cubic phases of HfO2, with dopant Y has been conducted. The
work function of the metal used for electrode deposition was considered for the electrical
measurements. According to the literature, the amorphous films show the best characteristics in
terms of capacitance-voltage behavior, leakage current and interfacial state density. The
dielectric constant, according to the literature, for sputter deposited hafnium oxide films was
estimated to be from 18-20 [37-39]. In addition to evaluating the electrical properties, the optical
constants of the YDH thin films are important for their integration into optical sensors, filters,
lens coatings, and other products. Therefore, it is also important to understand the optical
parameters like refractive index (n) and the extinction coefficient (k) of the films. The refractive
index is defined as the amount the light bending while entering the material. The extinction
coefficient is the responsible factor for decaying the wavelength of the light in the material and
when the wavelength is completely decayed, the light that enters the film is completely absorbed.
[37,38]. Due to these aforementioned reasons, an attempt has been made to derive a better
understanding of the structural, optical and electrical properties of sputter-deposited YDH films.
1.9 Objectives
It is clear that YDH is a promising material for electrical and electronic applications. The
following are the specific objectives of the present work:
1. To deposit high quality YDH thin films by RF magnetron sputtering.
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2. Characterizing the films deposited for their structural, morphological, optical and
electronic properties.
3. Understanding the effect of growth temperature (RT – 500 °C) on the structure and
morphology along with the size-reduction effects.
4. Fabricate capacitors by depositing top and bottom electrodes to build a metal-insulatormetal semiconductor.
5. Study the dielectric properties of YDH thin films and bulk material.
6. Optimizing the conditions to grow high quality YDH thin films suitable for capacitor
applications.
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Chapter 2: Literature Review
Srivatsa et al. [1] have investigated the electrical characteristics of a Hafnium oxide MOS
device fabricated using Dense Plasma Focus (DPF) process. They reported that the capacitance is
higher for the MOS devices fabricated using DPF machine with nitrogen gas filling compared to
the argon gas filling in the plasma chamber.
Wong et al. [2] have discussed about the miniaturization of the microchip for the last four
decades. The article describes about the evolution of the Metal Oxide Semiconductor (MOS)
transistor with miniaturization in size and enhancement in size with improved device
performance.
Hiroshi Iwai et al. [3] have reviewed the future prospects for the gate oxide dielectrics.
The reliability and performance of the thin films was studied. It was observed that timedependent dielectric breakdown and hot-carrier reliability improve with decrease in the oxide
thickness. It was also studied that gate leakage current increases after the TDDB (TimeDependent Dielectric Breakdown). Low power and low voltage applications were studied.
Lo et al. [4] have studied about the tunneling current from the Inversion Layer of Ultrathin-Oxide nMOSFET’s. The C-V and I-V characteristics were evaluated. The results fit well
with the experimental data with measured IG-VG curves for oxides in the range of 29-36 Ao.
Bin Yu et al. [5] have fabricated CMOS transistors with a physical gate length down to
50 nm. Physical thickness of gate oxide was varied from 12 Ao to 25 Ao. It was observed that
High-k dielectrics tend to improve Ion by increasing gate capacitance.
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Puthenkovilakam et al. [6] have studied the electrical characteristics of post deposition
annealed HfO2 on Silicon. The films exhibited a dielectric constant of 22, a leakage current
density of 5 A/cm2 and an interface state density of 6.5 x 1012 cm2 eV-1 at an equivalent oxide
thickness (EOT) of 7.6 Ao due to poor quality of HfO2 /Si interface.
Lee et al. [7] have grown ultrathin hafnium oxide gate dielectrics by DC magnetron
sputtering. The dielectric properties and thermal stability have been investigated. The leakage
current increase due to crystallization was not observed even after 900 oC rapid thermal
annealing (RTA). It was also observed that the Capacitance equivalent oxide thickness (CET)
increased after high temperature RTA due to the interfacial layer growth and silicate formation in
the HfO2 film.
Pezzi [8] studied the thermodynamic stability of ultra-thin hafnium-based dielectric films.
They studied about hafnium oxide (HfO2), silicate (HfSixOy) and aluminum silicate (AlHfxSiyOz)
deposited on silicon. Diffusion reaction during the thermal processing was investigated using
Rutherford backscattering spectrometry and nuclear reaction analysis. The chemical changes in
the films were accessed by x-ray photoelectron spectroscopy.
The International Technology Roadmap for Semiconductors (ITRS) [9] have explained
the semiconductor industry’s future technology requirements and the future needs to drive
present-day strategies for world wide research and development.
Injo Ok et al. [10] have studied the electrical and material properties of hafnium oxide for
its later applications in CMOS technology. He explained the challenges of gate oxide scaling and
investigated the self-aligned n-channel InP MOSFETs on undoped substrates using physical
vapor deposition (PVD) of HfO2 and Silicon interface passivation layer.

15

Huang et al. [11] explained the motivation of replacing Silicon and Silicon based oxides
with other materials. He discussed and explained the various parameters that would help in
improving the performance of the CMOS devices, where Hafnium gate dielectrics are integrated
into MOSFETs in order to limit the leakage current.
Nishino et al. [12], Niva et al. [13] and Conway et al. [14] have discussed about the
operating principles, current market, technical trends of the capacitors and have provided an
overview of evolution from simple capacitors to super capacitors.
Dedong Han et al. [15] studied the reliability characteristics of HfO2 high-k dielectrics. In
this work, HfO2 gate dielectrics were fabricated to study the electrical properties like
Capacitance-Voltage characteristics, Current-Voltage characteristics, stress induced leakage
current and the breakdown characteristics. The Equivalent Oxide Thickness in this work was 2.9
nm. It was observed that the EOT increased with increase in the annealing temperatures where as
the leakage current, breakdown voltage and stress induced leakage current decreased with
increasing annealing temperatures.
Laegu kang et al. [16] investigated the electrical characteristics of highly reliable
ultrathin HfO2 gate dielectric. Platinum electrodes were deposited on to HfO2 gate dielectric and
reactive sputtering was implemented. It was studied that HfO2 shows negligible charge trapping
and excellent TDDB characteristics even at VDD=2.0 V.
Ng et al. [19] studied the electrical characteristics of novel HfO2 film. The films in this
work were deposited by a method of direct sputtering Hf target in oxygen ambient. The interface
layer and its characteristics were studied from XPS, C-V and I-V measurement, where it was
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learnt that the interface layer contained charge traps. Also, it was observed that the ratio of the
interface layer to the total thickness increased with increase in annealing time.
Kyu-Jeong Choi et al. [20] investigated the electrical properties of hafnium oxide gate
dielectric deposited by plasma enhanced chemical vapor deposition. The gate dielectric
fabricated was HfO2-SiO2-Si structure. It was observed that the capacitance of Pt-HfO2-SiO2-Si
structures increased due to the decrease in HfO2 film thickness.
Zhu et al. [21] studied the high-k dielectric applications of HfO2 and Hf-aluminate films
deposited by pulse laser deposition. Electrical properties like thermal stability of the films were
studied. The phase structure and dielectric constant of the films were studied. It was found that
the dielectric constant of the amorphous HfO2 was 26, where as it was 16.6 for the Hf-aluminate
films.
Harris et al. [22] have deposited HfO2 films using e-beam evaporation in oxygen on
hydrogenated Silicon wafers. Titanium electrodes were deposited to study the electrical
properties of the films. For a thickness of 3 nm, an EOT of 0.5 nm was achieved for the HfO2
films.
Jeon et al. [25] have studied the effect of barrier layer on the electrical and reliability of
high-k gate dielectric films. It was observed that the EOT increased as the annealing temperature
increased in oxygen ambient. The conduction mechanism in Pt/TiO2/Si structure was found to be
tunneling-like behavior limited by interfacial layer.
Lee et al. [28] have studied the doping and phase stability of HfO2. Relative stabilities
between monoclinic, tetragonal, and cubic phases of HfO2 with cation dopants or vacancies were
investigated. It was found that the dopants with ionic radii smaller than Hf stabilize the
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tetragonal phase but destabilize the cubic phase. Therefore larger dopants like Y, Gd or Sc
favored the cubic phase.
Rogers et al. [29] have reported the crystal structures of ZrO2 and HfO2. They have
investigated the unit-cell dimension of both the materials and different crystal structures of the
materials.
Stacy et al. [30] have investigated the Yttria-Hafnia system. Phase stabilization in the
Yttria-Hafnia system were studied and investigated by high-temperature and room temperature
X-ray diffraction. The Hafnia phase transformation by introducing Yttria has been studied and
explained.
Dai et al. [31] have reported the epitaxial growth of Yttrium-doped Hafnium Oxide highk gate dielectric thin films on silicon deposited by pulse laser deposition (PLD). Transmission
Electron Microscopy (TEM) revealed a fixed orientation relationship between Silicon and the
epitaxial film. C-V measurements on an As-grown 40 A° YDH epitaxial film yielded an
effective dielectric constant of 14 and equivalent oxide thickness to SiO2 of 12 A°. The leakage
current density at 1 V gate bias voltage was measured 7 x 10-2 A/cm2.
Wolten et al. [33] studied the phase transformation in Zirconia and Hafnia by high
temperature diffractometry. It was observed that the temperature-induced transformations were
predominantly athermal. The reversible formation of a cubic form of ZrO2 above 2200 °C was
confirmed.
Chen et al. [36] have studied the effect of Y-doping on structural stability and defect
properties of HfO2. Structural and electronic properties of both pure and Y-doped HfO2 were
studied. It was found that Y-doping in HfO2 would increase the stability of the cubic phase
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relative to the monoclinic phase by reducing the energy difference and the phase transition
pressure. This result was consistent with the observed stabilization of cubic phase of HfO2 by the
doping of Y.
In our recent work [37], Yttrium-doped hafnium oxide (YDH) films were deposited using
RF sputter-deposition by varying the growth temperature (Ts) from room-temperature (RT) to
400 °C. The electrical and optical properties of these YDH films were investigated. Structural
study of the YDH films grown at Ts = RT − 200 °C indicated that the films were amorphous, and
those grown at 300–400 °C were nanocrystalline. It was also observed that the crystalline YDH
films showed the high temperature cubic phase of HfO2. The band gap of YDH films was
calculated to be in the range of 6.20–6.28 eV. The AC resistivity (ρac) of the films was found to
be ~ 1 Ω-m at low frequencies (100 Hz). And it was observed that the ρac decreased to ~ 10− 4 Ωcm at a high frequencies of 1 MHz. Furthermore, we were able to derive a correlation between
phase and optical properties of yttrium-doped hafnium oxide thin films which were produced by
sputter-deposition at a substrate temperature of 400 °C [38]. For this set, the effect of thickness
(dYDH) on the crystal structure, surface/interface morphology and optical properties of the YDH
films was investigated. The scanning electron microscopy results indicate the dense, columnar
structure of YDH films as a function of dYDH. Spectrophotometry analyses indicated that the
deposited YDH films are transparent and the band gap was found to be ∼5.60 eV for monoclinic
YDH films. An increase in band gap to ∼6.03 eV was evident with increasing dYDH.
Aguirre et al. [40] studied the structural and electrical properties of Hafnium oxide
(HfO2) thin films, which were fabricated using radio-frequency (RF) magnetron sputtering. The
films were deposited onto Silicon (1 0 0) substrates by varying the growth temperature (Ts).
A ceramic target of HfO2 was utilized for sputtering while varying the Ts from room temperature
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to 500 °C during deposition. The results in this indicated that the effect of Ts was significant on
the growth, surface and interface structure, and morphology and chemical composition of the
HfO2 films. It was observed that an interface layer (IL) formation occurred due to reaction at the
HfO2–Si interface for HfO2 films deposited at Ts > 200 °C. It was observed that the thickness of
IL increased with increasing Ts. It was learnt from the capacitance–voltage measurements that
the dielectric constant decreased from 25 to 16 while increasing the growth temperature. The
current–voltage characteristics indicated that the leakage current increased significantly with
increasing Ts due to increased ILs.
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Chapter 3: Experimental
3.1 Substrate Cleaning
The RCA (Radio Corporation of America) cleaning is a standard wafer cleaning process
of silicon wafers in semiconductor manufacturing. The substrates employed in this work are ptype Si (100) wafers, sapphire and quartz slides. Silicon wafers with a diameter of 3”, thickness
375 µm and measured resistance of 1.3-10 Ω-cm (measured by four-point probe technique) and
quartz slides of 25mm x 25mm x 1mm dimensions have been used. The dimensions of the
Sapphire substrates were 0.044 cm thick and 5.8 cm diameter.
RCA cleaning (Figure 3.1) has been performed on all the Silicon wafers in order to
achieve better performance of the devices fabricated and avoid contamination. The RCA clean
process removes organic, alkali ions and heavy metal contaminants present on the surface of the
substrate. The cleaning procedure involves three major steps:
•

SC1- Removal of insoluble organic contaminants using a solution of 1:1:5 NH4OH
/H2O2/H2O (Organic clean).

•

SC2- Removal of ionic and heavy metal atomic components using a solution of 1:1:6
H2O2/HCl/ H2O solution (Oxide strip).

•

Removal of native oxide by buffered oxide etches solution (Ionic clean).
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Figure 3.1: Contaminants in a Silicon wafer
The SC-1 (Standard Clean-1) solution is prepared by heating 50 ml of Deionized water
(DI water) to a temperature of 80-90 ̊C and then adding 10 ml of NH4OH and H2O2 each. The Si
wafer is soaked in this solution for 10 minutes to strip the organics and metal particles and is
then rinsed with DI water at room temperature.
The SC-2 (Standard Clean-2) solution is prepared by heating 60 ml of DI water to a
temperature of 80-90 ̊C and then adding 10 ml of HCl and H2O2 each. The SC-1 cleaned wafer is
then soaked into this solution for 10 minutes to strip off the alkali ions and remaining metals
followed by a rinse with DI water at room temperature.
Finally, the silicon substrates are treated with buffered oxide etch (BOE) to remove
traces of any oxides on the surface. The wafers were dried with nitrogen after each and every
step.
The quartz and sapphire substrates were used for optical measurements and
characterization. These substrate were cleaned in an ultrasonic bath of methanol (called a
sonicator) (semiconductor grade), acetone (semiconductor grade) and DI water. The ultrasonic
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cleaning was carried out for 10 min for each step and then followed by a DI water rinse and
substrates were dried with nitrogen.

Figure 3.2: Sonicator
3.2

Thin Film Synthesis: Physical Vapor Deposition
Yttrium-doped Hafnium Oxide (YDH) thin films used in this research were grown using

a radio frequency (RF) magnetron sputtering, a physical vapor deposition technique. The
sputtering process (Figure 3.3) involves bombardment of the target material by ionized atoms (in
this case Ar+ ions), which causes the surface atoms to be ejected out of the target material
(YDH). RF Magnetron sputtering is widely used for thin film fabrication in Integrated Circuit
(IC) processing applications.
Sputtering deposition system consists of a pair of electrodes, the cathode that is located at
the target side and the anode where substrate is placed. The target material (YDH) is placed on a
cathode in a high vacuum chamber, and a negative voltage is applied to the cathode. The
chamber, which holds the cathode and the anode, is evacuated to a high pressure of usually 10-6
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mbar and Argon gas is introduced into the chamber at low pressures. The Ar gas will be ionized
to Ar+ by the voltage applied thus creating the Ar+ plasma. The Ar+ ions are thus accelerated
towards the cathode, which is a negative voltage, and bombard the target material ejecting the
target atoms. The target atoms will get deposited onto the Si wafer placed 8 cm away from the
target. The RF magnetron sputtering system used an RF voltage of 13.56 MHz which was
applied to the target and the substrate where the sputter cathode was equipped with a magnet.

Electrical)Source)

Backing)Plate)
YSH)Target)

Ar)gas)

Plasma)

Ar)
ion)
Spu=ered)Target)Atom)
Substrate)

Thin)ﬁlm)

Exhaust)

Figure 3.3 Sputtering Process
An in-house RF sputter deposition system (Figure 3.4) has been used for all the
depositions. All the substrates were thoroughly cleaned and dried with nitrogen before
introducing them into the vacuum chamber, which was initially evacuated to a base pressure of
~10−6 Torr. Yttrium-doped Hafnium Oxide metal target (manufactured by Plasmaterials Inc.) of
5 cm diameter and 0.40 cm thick was employed for reactive sputtering. The composition of
Yttria in YDH was maintained at 7.5 mol% (7.5 YDH). The YDH target was placed in a 2-inch
sputter gun, placed at a distance of 8 cm from the substrate, and was cooled down with water
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using a Polyscience recirculation water chiller. A sputtering power of 40 W was initially applied
to the target while introducing high purity argon (Ar) into the chamber to ignite the plasma. Once
the plasma was ignited, the power was increased to 100 W. The flow of the Ar was controlled
using as MKS mass flow meter at values between 20 sccm to 40 sccm depending on desired set
of conditions for each deposition. Before each deposition, the YDH target was pre-sputtered for
10 min using Ar with shutter above the gun closed to prevent cluster formation by ignition of
plasma. The deposition was carried out for different times of 30 min to 4 hours to produce
coatings with variable thickness. The samples were deposited at different temperatures varying
from 27 oC (room temperature) to 600 °C. The substrates were heated by a K-type thermocouple
and Athena X25 controller controlled the desired temperature.

Figure 3.4: RF Sputter Deposition system
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3.3

Characterization
The sputter deposited YDH thin films were characterized by using scanning electron

microscope (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM),
filmetrics and Optical spectroscopy.
3.3.1 Surface morphology: Scanning Electron Microscope (SEM)
The coated thin films from sputter deposition have been characterized using SEM to
study the surface morphology. The SEM provides images at different magnifications of the
samples.. Studying the morphology of the films gives the information about the microstructure
and grain sizes of the films. The SEM used was a Hitachi S-4800 electron microscope.
Scanning electron microscope uses an electron source with a filament and anode. The
microscopic column is enclosed in a vacuum envelope. The working principle of SEM is that
when an incident beam is collimated and then focused onto the sample surface in a small spot,
then blanking and scanning coils are used to raster the spot across the sample. The signal from
each spot on the surface is imaged at the display, keeping the same raster position as the spot on
the sample. By this way the image is formed from the interactions of the incident electron beam
and the sample surface at each position. Magnification is achieved by rastering over a smaller
area and displaying it on the screen. Since SEM uses electromagnets rather than lenses, we have
much more control over the degree of magnification. The secondary electrons emitted from the
sample surface, as a result of collisions with the electron beam are used for image formation. The
contrast of the image arises from the secondary electrons yielded by the sample surface. A
particular point may be brighter than the adjacent spot as its yield of secondary electrons from
the incident electron is more than the adjacent spot.
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Figure 3.5: Hitachi S-4800 Scanning Electron Microscope

The samples were mounted on top of a small circular stage of 1-inch diameter. Carbon
tape was used to avoid any kind of electrical disturbance from the circular metallic stage. The
thin film sample is placed on a stage with its surface facing the electron beam to obtain the image
of the film. The grain sizes of the film can be obtained from the images using the image analysis
software. Samples were mounted in an epoxy-based system in order to analyze the cross-section
of the samples. For this application, the sample was clamp at 90º and introduced in a bath of
epoxy. After the epoxy was solidified, it was polished until the sample was visible and the crosssection view was cleared.
3.3.2

Structural characterization: X-Ray Diffraction (XRD)
XRD is an analytical technique in which x-ray beam hits the surface of a substrate at

various incident angles scattering preferentially oriented x-rays into detector, which collects
them to generate crystallographic information about the sample. The principle and instruments
used are shown in Figures 3.6-3.8. A Bruker D8 Advance X-ray diffractometer (XRD) (Figure
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3.8) has been used for the structural characterization. The crystal structure, texturing, crystallite
size, and the phases can be determined from the XRD patters.
X-ray diffractometer uses an x-ray source and a detector. It is an analytical technique
where the X-ray beam hits the surface of a substrate at various incident angles scattering
preferentially oriented X-rays into the detector, which collects these rays and generates the
crystallographic information about the sample. This diffraction pattern gives information about
the lattice parameter, d-spacing and film orientation. XRD principle (Figure 3.6) is based on
Bragg’s law:
𝑛𝛌 = 𝟐𝐝𝐒𝐢𝐧(𝛉)……………………………………..(1)
Where n is an integer, λ = wavelength of X-ray, d = inter planar spacing and θ = Bragg’s angle.
To avoid interference by the substrate and obtain diffraction pattern of the coatings, we
performed grazing incidence X-ray diffraction (GIXRD) on the YDH coatings on sapphire
substrates. A high voltage of 40 kV was used to generate the X-rays. The data was acquired and
analyzed using EVA software in order to compare the XRD peaks and check for the crystal
structure and lattice parameters. The XRD measurements were performed systematically after
each and every step of the characterization.

Figure 3.6: XRD Working Principle
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Figure 3.7: Substrate Holder, X-ray Source and Detector

Figure 3.8: Bruker D8 Advance X-Ray Diffractometer
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3.3.3

Optical Characterization
The samples have been characterized using a Cary 5000 UV-VIS-NIR optical

spectrophotometer (Figure 3.9) in a wavelength range of 200-2000 nm. The optical
characterization is usually preformed on samples that are highly transparent or semi transparent
thin films deposited on transparent substrates like quartz, glass or sapphire.
The schematics of the UV-VIS-NIR spectroscopy can be explained. It has a light source
which has to cover the entire range of so it uses a combination of deuterium for the UV region of
the spectrum and tungsten or halogen lamp for the visible region. The beam of light given by the
source is separated into its component wavelengths by a diffraction grating and the slit following
it sends a beam of monochromatic light into the next section. The light from this slit falls onto
the rotating disc which has three different segments – an opaque black section, a transparent
section and a mirrored section. The light which hits the transparent section will go straight to the
sample, gets reflected by a mirror and hits the mirrored section of the second rotating disc and
gets collected by the detector. If the light from the slit falls on the mirrored section of the disc it
gets reflected and passes through the reference cell, hits the transparent section of the rotating
disc and gets collected at the detector. If the light from the slit hits the black opaque section, the
light gets blocked thus enabling the system to make corrections for any current generated in the
absence of light.
The transmittance obtained from the samples is used to calculate the band gap of the
sputtered sample. First, the absorption coefficient (α) is determined using the thickness (t) of the
film and the transmittance data (T) using the formula
                                                                                                            α  =  

!𝐥𝐧  (𝑻)
𝒕

..………………………….……………….........(2)  
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The energy of the photos (hν) is calculated at every wavelength (λ) using the equation
hν  =  

𝟏𝟐𝟒𝟎
𝛌

  …………………………...............................(3)                                                

Finally the band gap of the films is measured using the equation
αhν  =  B(hν  –  E g ) 2 …………………………………………..(4)     
where B is a proportionality constant and Eg is the band energy, the band gap of the films are
calculated by plotting a graph between (αhν)2 and hν. The extinction coefficient k, refractive
index n and dielectric constants can also be calculated from the transmittance data.

Figure 3.9: Cary 5000 UV-VIS-NIR Spectrophotometer
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3.4 Filmetrics: Thin Film Thickness Measurements

The thickness of the thin films was measured using Filmetrics. This device measures the
thin-film thickness by analyzing how the film reflects light. By measuring light not visible to the
human eye, films as thin as 1 nm and as thick as 13 mm can be measured. Film thickness, color,
refractive index, and even roughness can be calculated using this setup. The Thin Film
Measurement System measures thickness and optical constants quickly. Analysis of the
reflectance from the top and bottom of the film to be measured shows the thickness, the
extinction coefficient and the index of refraction in about a second. Any smooth, transparent or
thin film with minimal light absorption can be measured. While measuring thickness of the
transparent substrates like sapphire and quartz, the substrate back was prepared in such a way
that it was not reflective.

Light	
  Source	
  
	
  
	
  Silicon	
  Wafer	
  

Figure 3.10 Filmetrics
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3.5 Dielectric Measurements Setup
3.5.1 Manufacturing the Pellets
Different compositions of Yttrium-doped Hafnium Oxide were prepared. 7.5 mol% of
Yttrium Oxide powder, of the total composition, was mixed with Hafnium Oxide powder, with
Acetone as the medium. The mixture was manually ground for 3 hours in order to make Nano
particles. Once the compound was prepared, Polyvinyl Acetate (also called PVA), in a very
small amount, was used as a binder and ground along with powder for 15 minutes. The PVA
helps in manufacturing strong pellets, making them not easy to break. The pellets are shaped in
cylindrical discs using a Carver, which uses around 4000 pounds of weight to bind the powder
tight, and transform them into a solid pellet. The obtained pellets are placed in a high
temperature furnace at 1400 C for 12 hours for sintering.
The dielectric measurements were performed on Pure HfO2 and different compositions of
Yttrium-doped Hafnium pellets, in the form of discs, with measured thickness of 1.5 mm to 2.5
mm and surface area of 0.322 cm2.

Figure 3.11 Preparation of YDH Nano powder
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Figure 3.12 CARVER used for manufacturing pellets
3.5.2 Setup for Dielectric experiments
The pellets were placed between two flat, parallel silver foils which act as the electrodes.
The smooth surfaces of the YDH and HfO2 pellets were coated with high purity silver paste for
good Ohmic conduction. A sample holder was designed as per desired requirements. An electric
field with a potential of 1 Volt was applied through the sample between the Silver electrodes.
This setup can be considered electrically equivalent to the capacitance Cp in parallel with a
resistance R. The setup consists of three apparatus: the LCR meter, the sample holder with the
pellet and the furnace with temperature controller.
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Figure 3.13 Sample Holder for Dielectric Measurements
	
  

The dielectric constant, loss, the ac resistivity and conductivity were determined using the
following formulae:

𝜺! =

𝟏𝟏.𝟐𝟗×𝑪𝒑 ×𝒕
𝑨

………………………………......…………….………….…....………..(5)

𝜺!

𝒕𝒂𝒏  𝜹 = 𝜺!!……………………………………………………………………..…….……(6)

𝝆𝒂𝒄 =

𝑹×𝑨
𝒕

………………………………………….......................................................(7)

𝟏

𝛔𝒂𝒄 = 𝛒 ……………………………………………………………………….….....……(8)
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where Cp is the capacitance in picofarads, t is the thickness of the sample (cm), A is the cross
sectional area of the sample (cm2), tanδ is the dissipated energy loss, εʺ″ is the imaginary part of
the dielectric constant (loss factor), εʹ′ is the real part of the imaginary constant, R is the
resistance in Ohms, ρ is the resistivity (Ohm⋅cm), σ is the conductivity (1/Ohm⋅cm). These
values were attained using a HP 4284A precision LCR meter. Dielectric values and complex
impedance measurements, at room temperature and variable temperatures with respect to
different compositions and frequencies were calculated using the total setup.

Figure 3.14 LCR meter used for Dielectric Measurements (left)
Figure 3.15 Furnace used as temperature controller (right)
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Chapter 4: Results and Discussion
	
  

The purpose of this research is to understand the growth behavior, phase evolution,
microstructure, and optical and electrical properties of the YDH films on Silicon and Alumina
substrates as a function of variable RF power and thickness. To serve this purpose, YDH
coatings were deposited by varying the RF power and deposition time to study their structural,
morphological, electrical and optical properties. The results obtained are presented and discussed
below in the following sequence. The film thickness, crystal structure, phase analysis,
morphology, optical and electrical properties of the YDH films were evaluated using Filmetrics,
XRD, SEM, Spectrophotometry and LCR meter results. An attempt is made to establish a
correlation between growth conditions, microstructure and optical properties of the YDH films.
4.1 Film Thickness
The film thickness was measured using Filmetrics for all the YDH samples that were
grown as a function of temperature, deposition time and RF power. It can be observed from all
the plots that the thickness of the samples increased with increase in growth temperature (Fig
4.1). From the Fig. 4.2, it is evident that the thickness of the YDH films increases with increase
in deposition time and RF power. The List of all the set of samples measured for thickness by
Filmetrics is tabulated in Table 4.1. The total thickness is rounded to the nearest digit when
tabulated the data obtained.
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Fig 4.1 Thickness values measured for YDH films deposited at Ts=RT-500 oC
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Figure 4.2 Thickness of YDH films deposited at 100 W and 120 W for at 400 oC

Table 4.1 Thickness and grain size values of YDH films deposited at Ts=RT-500 oC
o

Thickness	
  (nm)	
  

Grain	
  Size	
  (nm)	
  

RT	
  

27	
  	
  

20	
  	
  

100	
  	
  

33	
  

20	
  	
  

200	
  	
  

36	
  

21	
  	
  

300	
  	
  

38	
  

21	
  	
  

400	
  	
  

40	
  

21	
  	
  

500	
  	
  

45	
  

22	
  	
  

Temperature	
  ( C)	
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Table 4.2 Thickness of YDH films deposited at 100 W and 120 W
RF Power (W)

Thickness (nm)

100

179

120

221

Table 4.3 Thickness of YDH films deposited for different deposition times
Deposition Time (hours)

Thickness (nm)

1

70

2

170

3

200

4

250

6

750

4.2 Crystal Structure
X-ray diffraction data of the YDH films deposited are shown in Figs. 4.3, 4.4 and 4.5.
XRD patterns of YDH thin films deposited at variable RF powers at temperatures of 400 ºC are
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shown in Fig. 4.3. The XRD pattern (Fig. 4.3) of samples deposited with 80 W RF power at
Ts=400 ºC indicates monoclinic phase formation in the films. The XRD peak evolution and the
phase formation with increasing RF power are clearly seen in Fig. 4.3. It can be observed that the
YDH films deposited at 80 W powers crystallize in the monoclinic phase initially. For
depositions with increased RF power, the YDH films exhibit the monoclinic to cubic phase
transformation as the intensity of the peak increased with increasing the RF power from 80 W to
120 W. It was observed that the YDH films deposited at increased RF power of 100 W and 120
W at 400 ºC crystallized in the cubic phase. It can be inferred that the phase stability and crystal
structure depends on the growth conditions and the resulting microstructure.

Figure 4.3 XRD data of YDH thin films at variable RF powers
The XRD plots of YDH films deposited as a function of thickness are shown in the Figs.
4.4 and 4.5. The XRD peak evolution and the phase formation with increasing thickness (dYDH)
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are clearly shown in Figs. 4.4 and 4.5. The data of these thickness variant films can be divided
into two groups depending on their thicknesses, where Fig. 4.4 represents the XRD plots of the
samples with thickness less than 190 nm, dYDH < 190 nm and Fig. 4.5 represents the XRD plots
of the samples with thickness greater than 190 nm, dYDH ≥ 190 nm.

Figure 4.4 XRD data of YDH thin films with thickness (dYDH) < 190 nm.
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Figure 4.5 XRD data of YDH thin films with thickness (dYDH) ≥ 190 nm.
The XRD data of the YDH films shown in Fig 4.3, 4.4 and 4.5 indicate that the preferred
orientation and texturing increases with increase in RF power and thickness (dYDH). It is
observed from Figs. 4.4 and 4.5 that the YDH films crystallize in monoclinic phase initially, up
to a thickness of 70 nm. At this point, the nucleation of the cubic phase appears while the
monoclinic phase is still dominant in the films. This dominant monoclinic phase continues till
the thickness range of 150-170 nm. As the thickness increased, the YDH films exhibit phase
transformation from monoclinic to cubic.
It is observed from the XRD plots that the peak at 2θ=28.1° is intense for the films that
have relatively less thickness. This peak corresponds to diffraction from (-111) planes of
monoclinic Hafnia. At 28.1°, the peak intensity that corresponds to diffraction form (-111)
planes is directly proportional to the thickness of the films. The monoclinic phase with oriented
growth of nanocrystalline YDH films is clearly seen for dYDH=26-150 nm along (-111) planes and
is thermodynamically favorable for pure Hafnia based on the phase stability considerations [41-
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44]. As reported by Mukhopadhyay et al., in monoclinic HfO2, the (-111) planes exhibit lowest
surface energy [33]. Therefore, growth of crystallites with (-111) texturing is thermodynamically
preferred for monoclinic YDH films.
It is evident from the Fig. 4.5 that the YDH films with relatively higher thickness exhibit
peaks that correspond to the cubic structure of HfO2. The peak at 2θ=30.3° corresponds to
diffraction from (111) planes indicating the first appearance of cubic phase. The YDH films with
thickness greater than 190 nm exhibit (111) texturing for cubic phase as a function of Ts, the
growth temperature. It has been demonstrated that YDH films exhibit (111) texturing for cubic
phase as a function of growth temperature [46,47]. As the films thickness increases eventually,
peaks corresponding to diffraction from other crystallographic planes of the cubic phase appear.
The intensity of all the peaks corresponding to either cubic or monoclinic phase was analyzed in
order to study the phase intensity variation of the YDH films as a function of thickness. It is
evident from the Fig. 4.4 that the films were monoclinic when the intensity was not strong when
compared to high intense cubic phase. It was observed that the films with relatively low
thickness were monoclinic and the cubic phase was observed at 70 nm, which was stabilized at
200 nm.
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Fig. 4.6 Phase intensity variations of YDH films as a function of thickness.
	
  

4.3 Electron Microscopy Analysis
The surface and interface morphology of all the YDH films were studied and analyzed
using Electron Microscopy. The microscopy techniques used in this research were Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). It is noted that the
surface morphology of the YDH thin films is also a function of film thickness. Figure 4.7
presents the SEM data highlighting the morphology of the samples as a function of temperature
from RT-500 C. Figure 4.8 presents the SEM data of the samples as a function of deposition time
at Ts=400ºC. It is clear from Fig. 4.9 and 4.10 that the morphology is also changing as a function
of film thickness. The visible change noted is the increasing grain size film thickness.
4.3.1 Scanning Electron Microscopy
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Fig.4.8 SEM images of YDH films at a) 1 hour b) 2 hours and c) 3 hours deposition time at
400 C
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The surface morphology of the films with thickness less than 90 nm has been studied
(Fig.4.7). It is evident that thickness plays an important role in the growth characteristics of the
grains. It has been observed that the morphology changes in shape and size with increase in the
film thickness. It is inferred that small, dense grains characterize the surface. This morphology
corresponds to the characteristic of monoclinic phase of Hafnia. The surface morphology of
monoclinic YDH films in this work has been in good agreement with that observed for pure,
monoclinic YDH films that have been grown using sputter deposition [41]. It is observed that all
the grains are not equally grown or similarly distributed.
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Fig. 4.9 SEM images of YDH films with relatively higher thickness
The SEM images of the YDH films with thickness range of (190-1100 nm) are shown in
the Fig 4.9. These images indicate the characteristic morphology of the cubic phase of Hafnia.
The SEM images of YDH films with dYDH = 190 nm (Fig. 4.9) indicate the characteristic

49

morphology as noted for cubic phase YDH films [46]. The observed results in both SEM and
XRD specified the nature of phase and transformations. Parameters like crystallite size, surface
energy and dopant chemistry account for the structure and phase properties of pure and dopedHafnia. Progressive increase in the film thickness accounts for the overall dopant concentration
and hence the transformation from monoclinic phase to cubic phase occurs.
The interface morphology and grain structure of the YDH films deposited at variable
thickness and variable power are shown in Figures 4.10. It is observed form the micrographs that
all the YDH films exhibit dense, columnar structure, which is the characteristic of HfO2-based
thin films. It is noted that the width of columnar grains increase with increasing thickness. This
might be because the grains grow laterally while additional YDH layers were growing in a
normal direction on the surface of the substrate. This growth mechanism favors the columnar
width of grains to increase as a function of thickness. All of the YDH films exhibit dense,
columnar structure, which is the characteristic of HfO2-based thin films and coatings [40,46].
The cross-sectional images of the YDH films deposited at variable RF powers of 100 W
and 120 W are shown in Figure 4.10. The thickness of the coated YDH film was also measured
using the cross-sectional SEM.
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Fig. 4.10
Cross-section SEM images of YDH films with thickness of 70 nm and 350 nm (left); Crosssection SEM image of YDH films deposited at 100 W and 120 W (right)
4.3.2 Transmission Electron Microscopy
The surface and interface morphology of the YDH films with 700 nm thickness which
were deposited at 400 C for a deposition time of 4-6 hours were characterized using the
Transmission Electron Microscopy.
Figures 4.11 and 4.12 show the vertical alignment of the grains and the surface
morphology studied from the cross-sectional analysis of the TEM and the surface morphology of
the YDH thin films.
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Figure 4.11 Vertical alignments of the grains observed by the TEM
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Figure 4.12 Surface morphology and grain structure of the YDH film by TEM
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4.4 Optical Properties
The optical transmission spectra of YDH films grown at variable thickness are shown in
Fig. 4.13. For the YDH films deposited at variable RF power, the spectra are shown in the Fig.
4.15. It is evident that all the YDH show high transparency in the spectral range except where the
incident radiation is absorbed across the band gap (Eg). This indicates the high-quality and
transparent nature of all the YDH films with almost zero absorption losses. The most outstanding
observation is that both the monoclinic and cubic phases of the YDH films exhibit high
transparency. The cubic YDH crystals exhibit transparence in a wide range of ultraviolet to midinfrared range.
The spectra shown for the YDH films as a function of thickness and variable RF power
are the presence of interference fringes, which is due to the film thickness. The total number of
fringes in the spectra is directly proportional to the thickness of the films. Wood et al.
investigated the optical properties of cubic Hafnia stabilized with Yttria [38]. A further analysis
of the optical spectra is performed in order to better understand effect of microstructure on the
optical properties and to derive a quantitative structure-property relationship. The optical
absorption coefficient, α, of the YDH films is evaluated using the standard procedure taking the
film thickness into account [49,50,51]. The optical absorption coefficient, α, of the films is
evaluated using the relation

𝛂   =   

𝟏
𝑻
𝐥𝐧
𝒕
𝟏−𝑹

𝟐

… … … … … … … … … … … . … … … … … … … . (𝟗)

Where T is the transmittance, R the reflectance and t the film thickness. To determine the band
gap (Eg) of the films, absorption data analysis is performed employing the power law [49-52]:
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(αhν)  =   B   (hν-‐E g ) 1/2 ……………….……………………………(10)  
Where hν is the energy of the incident photon, α is the absorption coefficient, B the absorption
edge width parameter, Eg the band gap.
The absorption data and the plots obtained for the YDH films are shown in Fig. 4.14 and
4.16. It is evident that (αhν)2 vs. hν results in linear plots in the high absorption region suggesting
direct allowed transitions across Eg of YDH films. Regression analysis and extrapolating the
linear region of the plot to hν=0 provide the band gap value as indicated with an arrow in Fig.
4.14. The Eg variation for YDH films with variable thickness is also shown in the Fig 4.14. Eg
values obtained for relatively thin YDH films (26-70 nm) are 5.60(±0.03) eV, which is more or
less constant for those films exhibiting the monoclinic phase. The measured values are in
excellent concurrence with the reported band gap values of 5.6 eV for monoclinic phase of pure
Hafnia [53][54][55]. The bandgap starts increasing when the cubic phase starts nucleating in the
YDH films with respect to the thickness. The measured bandgap values are 5.70-5.85 (±0.04 eV)
when the films are a mixture of monoclinic and cubic phase but with more dominance of cubic
phase. The band gap values finally increase to 6.05 (± 0.03) eV with further increase in thickness
of the films. For the YDH films that were deposited at variable power, the band gap values
further increased to 6.20 eV.
The measured band gap values in this research can be accounted for the specific phase in
the deposited YDH films. The constant values of band gap ~5.6 eV is due to the fact that all the
films exhibit monoclinic phase initially. The reported value of bulk monoclinic Hafnia crystal by
employing electron loss energy spectroscopy was 5.5 eV [56]. The process Y-doping to reach the
expected results is indicated by the positive shift in band gap from 5.7 eV-5.9 eV, which results
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in the slope for monoclinic + cubic YDH films. In addition, theoretical and experimental [56]
investigations indicate that the optical band gap for cubic HfO2 is a direct band gap and the value
lies around 5.53–6.1 eV [52][57][58][59] depending on the preparation method.
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Figure 4.13: Spectral Transmittance characteristics YDH thin films as a function of
thickness
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Figure 4.14: (αhν) 2 vs hν plots for YDH films deposited at different thickness and
deposition time. Extrapolating the linear region of the plot to hν=0 provides the band gap
value as indicated with an arrow.
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Figure 4.15:	
  Spectral Transmittance characteristics of YDH films as a function variable RF
power
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Figure 4.16: (αhν) 2 vs hν plots for YDH films deposited at variable RF power for 60min.
Extrapolating the linear region of the plot to hν=0 provides the band gap value as indicated
with an arrow.
	
  

	
  

Figure 4.17 variation of Band gap of YDH films as a function of phase and thickness.
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4.5 Electrical Properties

To study the electrical properties of YDH films, a set of films with a constant thickness
of ~90 nm were deposited at various temperatures and at a constant power of 100 W. The XRD
patterns of YDH films are shown in Figure 4.18 as a function of growth temperature (Ts). The
XRD curves of YDH films exhibit the peaks corresponding to cubic structure of HfO2. It is
evident (Fig. 4.18) that the peak at ~29o which corresponds to diffraction from (111) planes is
rather broad at Ts=RT-200 oC indicating the presence of nanocrystalline particles embedded in
amorphous matrix. The intensity and the width of the peak at (111) peak increases with
increasing Ts. This is an indicative of an increase in the average crystallite-size and preferred
orientation of the film along (111). The lattice parameter determined from XRD curves exhibit a
decreasing trend from 5.15 to 5.10 Å with Ts (RT to 400 oC). We attribute this decrease in lattice
parameter to the changes in lattice-strain and crystallite size in nanocrystalline YDH films with
increasing Ts. Most remarkable feature is the fact that the lattice constant obtained for YDH
films is larger compared to that of pure HfO2 (5.09 Å). This lattice expansion in YDH compared
to pure HfO2 is caused by the addition of 7.5% Y2O3 and can be understood as follows. The ionic
radii of Y+3(0.96 Å) is larger than that of Hf+4 which introduces lattice distortion and enforce the
elongation of bond with oxygen in close proximity. Monoclinic and tetragonal phases consist of
several shorter Hf-O bonds length (2.0-2.1 Å) compared to cubic HfO2 (2.37 Å). As a
consequence, the strain energy because of the size mismatch becomes significant in monoclinic
and tetragonal phases. On the other hand, the distortion is quite less in cubic phase with the
oversized Y+3 dopant, which makes cubic HfO2 stable even at low temperature. Furthermore, the
structural relaxation plays another role in the stabilization of cubic phase of HfO2 by Y2O3
dopant.
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Figure 4.18 XRD patterns of YDH films at TS=RT-400 C deposited at 100 W

The variation of electrical resistivity measured at room temperature for selected set of
YDH samples is shown in Fig. 4.19. The data shown are for set of samples deposited at variable
growth temperature. The frequency dependence of the electrical resistivity ρac of the YDH films
is shown in the Fig. 4.20. The conductivity of the films is expressed by the relationship [60][61]:
σ tot   =  σ 0   +  σ(ω,  T)…………………………………….….(11)  
The first term on the right hand side of the equation is the dc conductivity of the frequency
independent band conduction. The second term of the equation is purely a representation of ac
conductivity due to e- hopping between the Hf4+ and Y3+ ions. The hopping mechanism in the
Hafnia films is attributed to the presence of Oxygen vacancies, which is formed below the
conduction band. This can trap two or more electrons [62]. And a trapped electron causes the
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distortion in an adjacent Hf ion, pulling down a singly degenerate B1 state from the conduction
band.
Resistivity decreased by three orders of magnitude with increase in frequency from 100
Hz to 1 MHz. This is due to the hopping mechanism in the YDH thin films. The ac resistivity,
ρac, at low frequencies (100 Hz) was ~1 Ω-m. The ac resistivity decreased to 10-4 Ω-cm at higher
frequencies (1 MHz). At low frequencies, the hopping of electrons between the localized Hf or Y
ions increase. This results in decrease of resistivity. At high frequencies, the hopping of electron
could not follow the applied filed and hence becomes almost constant. The frequency variation
of electrical resistivity data was fit to the following equation

𝜌 =   

(!! !!! )

  … … … … … … … … … … (12)  
[!! !" ! !!! ]

Where ρ∞ is the resistivity value at 1 MHz, ρo is the resistivity value at 20 Hz; t is the mean
relaxation time and α is the spreading factor about the mean relaxation time.

Figure 4.19 AC resistivity values of YDH thin films at room temperature.
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Figure 4.20 Frequency dependent AC resistivity of YDH thin films

Figure 4.21 Temperature dependent dielectric constant at different frequencies
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Figure 4.22 Temperature dependent dielectric energy loss.

The dielectric constant and dielectric loss for the YDH nanopowder were determined
using the following formulas:

𝜺′ =

𝟏𝟏. 𝟐𝟗×𝑪𝒑 ×𝒕
𝑨

𝒕𝒂𝒏  𝜹 =

𝝆𝒂𝒄 =

𝜺′
𝜺′′

𝑹×𝑨
𝒕

𝛔𝒂𝒄 =
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𝟏
𝛒

Where Cp is the capacitance, t is the thickness of the sample,
A is the area of the sample.
Tan δ is the dielectric energy loss
εʹ′ is the real part of the dielectric constant
εʹ′ʹ′ is the imaginary part of the dielectric constant

It is observed from the Fig. 4.21 and Fig. 4.22 that the dielectric constant of the material
decreased with increasing frequency and increased with temperature for monoclinic Hafnia.
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Chapter 5: Summary and Conclusion
	
  

YDH thin films were produced by sputter deposition by varying the substrate temperature
in a wide range (Ts=25-500 oC), RF power (80-120 W) and thickness of the YDH coating (2007500 A°). The structural, optical and electrical properties of YDH films were evaluated. XRD,
SEM results show that the effect of growth temperature on YDH thin films is significant. YDH
films grown at lower temperatures were amorphous while those grown at Ts≥400 oC were
nanocrystalline. The grain sizes of the films grown for 30 minutes varied from 20-25 nm with the
increase in Ts from 25oC to 500oC. The YDH films with less thickness exhibited the monoclinic
phase whereas the films with relatively higher thickness crystallized in the cubic phase. This
crystallization of cubic phase has been achieved by doping Yttria into Hafnia. The spectral
transmission of the films increased with increasing temperature, RF power and thickness. The
band gap of the films deposited for 30 minutes to 2 hours varied from 5.61 eV to 6.03 eV at Ts
=400oC, whereas the band gap for the thicker films was 6.20 eV deposited at RF powers of 100
W and 120 W. It was observed that the dielectric constant of monoclinic Hafnia increased with
increasing temperature and decreased with respect to frequency from 1 kHz to 1 MHz.
Resistivity decreased (by three orders of magnitude) with increasing frequency from 100 Hz to 1
MHz, attributed due to the hopping mechanism in YDH films. Whereas, while ρac ~1Ω-m at low
frequencies of 100 Hz, the resistivity decreased to ~10-4 Ω-cm at higher frequencies (1 MHz). A
relationship between phase, growth structure and optical properties is derived and discussed.
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Chapter 6: Future Work
	
  

The scope of the future work and some directions are listed below.
1. The optimized conditions from this work can be used to develop YDH-based thin film
capacitors.
2. YDH films can be tested for their capacitance and other electrical properties. The
parameters related to capacitor performance can be derived.
3. Developing the films with varying flow rates of Argon to study the characteristics of
these films.
4. Developing a thin film capacitor from these films and comparing the results with the
films grown above.
5. Optimizing the best conditions for developing a thin film capacitor.
6. Testing of the thus developed thin film capacitor in semiconductor applications.
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